Introduction
Mutations in the predicted pore-lining domain of MSL8 alter its channel properties 153 In order to alter the channel properties of MSL8, we identified candidate amino acids for mutagenesis 154 based alignment with EcMscS. The predicted topology of a MSL8 monomer shown in Fig. 1A indicates a 155 protein with 6 transmembrane (TM) helices and three soluble domains. The most C-terminal TM helix, 156 TM6, contains sequence with modest homology to the pore-lining TM3 of EcMscS (marked with a thick 157 line in Fig. 1A and sequence shown in Fig. 1B ).
159
In the EcMscS channel, Leu105 and Leu109 from each of the seven monomers are proposed to form a 160 hydrophobic seal in the closed channel that prevents the flow of ions across the pore (Anishkin and 161 Sukharev, 2004; Bass et al., 2002; Steinbacher et al., 2007) (arrowheads, Fig. 1B) . Mutations in nearby 162 residues can result in decreased tension sensitivity, increased tension sensitivity, or reduced 163 conductance (Belyy et al., 2010; Edwards et al., 2005; Rasmussen et al., 2015) . To create MSL8 variants 164 with altered channel properties, we replaced hydrophobic residues surrounding the presumptive 165 hydrophobic seal with polar residues or smaller non-polar residues. Two mutants, Ile711 to Ser and 166 Phe720 to Leu (asterisks, Fig. 1B ) were selected for further study based on their ability to produce MS 167 currents when expressed in Xenopus laevis oocytes (see below). 168 169 MSL8, MSL8 I711S and MSL8 F720L cRNAs were injected into Xenopus oocytes for analysis by single 170 channel patch-clamp electrophysiology as previously described (Hamilton et al., 2015a; Maksaev and 171 Haswell, 2015) . Patches of plasma membrane were excised from oocytes 2 to 10 days after injection, and 172 current measured over time as membrane tension in the patch was increased by applying suction through 173 the pipette using a pressure-clamp controller. In symmetric 60 mM MgCl 2 + 5mM HEPES, oocytes 174 expressing wild type MSL8 cRNA exhibited tension-gated activity as expected (Fig. 1C , top left panel), as 175 did oocytes injected with MSL8 I711S cRNA (Fig. 1C, top right panel) . In the same system, MSL8 F720L cRNA 176 produced MS currents without discrete channel openings (Fig. 1C, bottom Fig. S1 for more examples of activity associated with MSL8 F720L cRNA), and no currents were observed in 9 water-injected oocytes (Fig. 1C, bottom right panel) . MS currents were observed in 23 of 26 patches 179 pulled from oocytes injected with MSL8 cRNA; 27 of 32 patches for MSL8 I711S ; 20 out of 24 patches for 180 MSL8 F720L ; and in none of 26 patches from water-injected oocytes (Table 1) . Under these conditions, the 181 single-channel conductance of MSL8 I711S was indistinguishable from that of wild type MSL8 (Fig. 1D, 182 Table 1 ). Without distinguishable individual gating events, we were unable to assess the single channel 183 conductance of MSL8 F720L .
185
We were unable to calculate a midpoint gating tension, because membrane patches ruptured before 186 current saturation, as previously observed for MSL10 expressed in Xenopus oocytes (Maksaev and 187 Haswell, 2012) . Instead, we estimated the tension sensitivity of each MSL8 variant, by recording the 188 suction associated with the opening of the first channel and the closing of the last channel in each patch.
189
Patch pipettes of size 3 ± 0.5 MOhm were used in all experiments to reduce variability in patch geometry.
190
The negative pressure required to open the first channel in patches expressing wild type MSL8 was -18.0 191 ± 13.1 mmHg, while for MSL8 I711S it was -29.5 ± 11.7 mmHg ( 
209
GFP were selected for further analysis. All lines selected accumulated MSL8 transcripts at levels equal to 210 or greater than the wild-type Ler ( Fig. 2A ). To confirm protein production, stability and subcellular 211 localization, confocal images were taken of GFP signal in mature, desiccated pollen isolated from these 212 lines. All five lines expressing gMSL8-GFP or variants in the msl8-4 background exhibited GFP signal 213 localized to both the plasma membrane and endomembrane compartments and excluded from vacuoles, 214 as previously observed for MSL8-GFP ( Fig. 2B ; (Hamilton et al., 2015a msl8-4 pollen from 30% to 79% (Fig. 3B ). PEG supplementation also increased the survival rate of msl8-4 230 pollen expressing gMSL8 I711S -GFP and gMSL8 F720L -GFP, to a degree that was indistinguishable from that 231 of the mutant msl8-4 pollen across all levels of PEG ( Fig. 3B ). Thus, the gMSL8 I711S -GFP and 232 gMSL8 F720L -GFP transgenes did not alter the sensitivity of msl8-4 pollen to rehydration, even when 233 osmotic supplementation was used to reduce the severity of the osmotic downshock. was ungerminated and intact; 8% was ungerminated and burst; 12% germinated and was intact; and 4% 240 germinated and burst ( Fig. 4 , Supplementary Table S1 ). 
250
To determine if we could detect partially functional channels if they were present at high levels, MSL8, 251 MSL8 I711S or MSL8 F720L were tagged at the C-terminus with YFP and expressed under the control of the 252 strong, pollen-specific promoter LAT52 in the msl8-4 background. We identified multiple independent 253 homozygous lines that exhibited a range of transgene expression levels in floral RNA, from 1.9-to 9.6-254 fold over the levels of endogenous MSL8 in Ler (Fig. 5A ). YFP signal in msl8-4 pollen expressing 255
LAT52pMSL8-YFP and variants localized to the plasma membrane and endomembrane compartments of 256 mature pollen ( Fig. 5B ; Supplementary Fig. S2A ), and the intensity of YFP signal correlated with transcript 257 level as revealed by RT-PCR (compare Fig. 5A and Supplementary Fig. S2A ).
259
Pollen from Ler and msl8-4 lines overexpressing MSL8, MSL8 I711S , and MSL8 F720L was incubated in 260 distilled water for 30 or 120 minutes and viability quantified as in Fig. 3 . All three msl8-4 + LAT52pMSL8-12 expressing LAT52pMSL8 F720L -YFP was indistinguishable from that of msl8-4 in all three independent lines 263 ( Fig. 6 ). Thus, even at high levels of expression, MSL8 F720L was unable to protect pollen from the 264 hypoosmotic shock of rehydration. However, pollen from three msl8-4 + LAT52pMSL8 I711S LAT52pMSL8 F720L -YFP did not ( Fig. 7A , Supplementary Table S2 ). As with pollen rehydration, Table S2 ), indicating that MSL8 I711S can fully complement when highly overexpressed.
286
Because germination is suppressed so strongly by MSL8 overexpression, we also incubated pollen in 287 germination media for an extended period of time (overnight, or 16 hours), in order to maximize the 288 number of germination events ( Fig. 7B -C, Supplementary Fig. S2B ). Under these conditions, 63% of 289 proposed more than 20 years ago (Feijo et al., 1995) . Such a role has been solidly established for the 351 canonical MS ion channel from E. coli, MscS (Edwards et al., 2005; Levin and Blount, 2004; Levina et al., 352 1999; Miller, 2003; Sukharev et al., 1994) , and an initial analysis suggested that of a MscS homolog from 
390
Increasing the tension threshold of the MSL8 channel reduces its physiological activity in pollen.
391
The Ile711Ser mutation increased the force required to gate MSL8, but left wild-type conductance intact-392 and reduced the ability of MSL8 I711S to complement mutant phenotypes. Only when overexpressed could 393 MSL8 I711S protect pollen from the hypoosmotic shock of rehydration and maintain the integrity of the 394 pollen tube. Likewise, MSL8 I711S only suppressed pollen germination when overexpressed, and not as 395 strongly as the wild type. (Figs. 6-8) . These results suggest that wild-type tension sensitivity is crucial for 396 the proper function of MSL8 in pollen. Protection against the hypoosmotic stress of rehydration, 397 maintenance of pollen tube integrity against bursting, and the negative regulation of pollen germination all 398 appear to require that MSL8 gate at tensions below those that open MSL8 I711S under native levels of 399 expression.
Although the evidence described above is consistent with MSL8 functioning like an osmotic safety valve, 402 we note that we cannot exclude the possibility that the ion flow across MSL8 could act as a biochemical 403 signal that indirectly achieves the same function.
404
One example of such biochemical signaling in pollen is the tip-focused Ca 2+ gradient that regulates pollen 
418
The substitution of Leu for Phe at positon 720 in MSL8 both increased the threshold required to produce 419 MS currents and prevented the appearance of the step-wise increases in current that are indicative of a 420 discrete transition from closed to open configurations, suggesting instability in the channel (Fig. 1B,   421 bottom left panel, Supplementary Fig. S1 , Table 1 ). The closed form of EcMscS is proposed to involve 422 close packing of small residues from adjoining pore-lining domains (Edwards et al., 2005) . The 423 substitution of large hydrophobic residues for Gly or Ala at these positions results in less stable open 424 state configurations with higher tension thresholds, that at least superficially resemble MSL8 F720L 425 (Edwards et al., 2005; Rasmussen et al., 2015; Wu et al., 2011) . Alternating chains of small hydrophobic 426 amino acids are not observed in the predicted pore-lining domain of MSL8 (Fig. 1B) . Rather, a repeating 427 pattern of large hydrophobic/polar residues in the predicted pore-lining domain is conserved among the 428 seven Arabidopsis MscS homologs predicted to localize to the plasma membrane. These residues include three phenylalanines at positions 710, 720 and 727 (marked with arrowheads, Supplementary 430 Fig. S3 ). The observed channel characteristics of MSL8 F720L suggest that the pairing of similarly sized 431 residues in the pore-lining domains may be an important factor in maintaining the stability and normal 432 function of both MscS and MSLs. Testing this idea will require additional study, in particular detailed 433 structural information for the plasma membrane-localized MSLs.
435
Expressing MSL8 F720L in a wild type background, and therefore in the presence of a native pool of MSL8, 436 phenocopies the mutant with respect to germination rate and pollen tube bursting ( Fig. 8B-C) . Because mutagenesis from existing vectors (described in (Hamilton et al., 2015) ) and transformed into msl8-4 or L- 
529
Electrophysiology. Single channel patch-clamp electrophysiology was performed as described in 530 (Maksaev and Haswell, 2015 
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